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Summary of the Research Findings

The earlier formulation of Monte Carlo simulations of scattering of waves by
perfectly conducting random rough surfaces based on the finite-element method and
periodic boundary condition is extended to investigate scattering from one-dimensional
random rough gold surfaces at optical frequencies. In this report, two cases are
investigated. For Case 1, the random surfaces have a correlation length of 3.0992 and a
root-mean-square height of 1.6927, and the refractive index of 0.312 + i7.93 is used.
For Case 2, these numbers are 1.05251, 0.57491, 1.958 + i20.7, respectively. Both TE
and TM plane-wave incidences at 09, 109, and 300 are considered. The finite conducting
surfaces are modeled as lossy dielectric rough surfaces. To reduce the computational
domain, for the TE case, we insert a perfect electric conducting (PEC) wall which has the
same rough surface profile at a few skin depths below the air-dielectric interface.
Similarly, for the TM case, a perfect magnetic conducting (PMC) wall is used.

In our formulation, the scattered field slightly above a reference plane at a small
distance (0.51) above the maximum height of the rough surface is expanded in terms of
Floquet modes. The region bounded by this reference plane at the top, the conducting
plane at the bottom, and the periodic boundary condition on the two sides is calculated
using the finite elements with the field at the reference plane being specified as cosine or
sine functions. We call these solutions finite-element modes. There is no one-to-one
correspondence between the FEM modes and the Floquet modes. In fact, each of the FEM
modal solutions in the region very close to the rough surface incorporates all the
propagating modes and a large number of evanescent modes. Most of these evanescent
modes, however, decay to zero at the reference plane. For each of the finite-element
modes, we solve a Helmholtz equation in which we use a discretization of 6 nodes per
linear wavelength for all the calculations reported here. The FEM calculation is very
efficient with the use of a sparse matrix solver. The amplitudes of the Floquet modes are
calculated by matching the field and its normal derivative represented by the Floquet modes
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and linear combinations of FEM modes on the two sides of the reference plane. The fast
Fourier transform (FFT) algorithm has been used in the process to improve numerical
efficiency. Extensive numerical experiments show that only four to six evanescent modes
are needed. The maximum error in the power conservation is less than 1 % when the lossy
medium is replaced by a lossless one. There are two propagating Floquet modes for each
wavelength of the surface length. Therefore, a full matrix equation of the order of 2
linteger (L. / )] + Ng + 1 needs to be solved, where Ng is the number of evanescent modes
and L is the surface length. In the calculation of surface length of 501, we have used 101
propagating modes and 4 evanescent modes, a total of 105 Floquet modes. The same
number of FEM modes are used. In contrast, for the spectral domain extended boundary
method in which the field is expanded right on the rough surface, as many evanescent
modes as propagating ones are often required for the large surface height considered in this
study. On the other hand, a full matrix of the order 1000 x 1000 is required for the integral
equation method for this two-medium problem when a discretization of 10 per linear
wavelength is used for the rough surfaces under consideration.

In the numerical results to follow we present the radar cross sections of the rough
surface for both TE and TM incidences at 0%, 109, and 30° at the wavelengths of 1.152 um
(Case 1) and 3.392 um (Case 2). To investigate the effect of the surface length L to the
radar cross section, two surface lengths, namely, L = 30A and 50 are us--1 for Case 2 with
the TM incidence at 300. Figure 1 shows that the RCS exhibits two peaks, one at the
backscattering direction and the other at the specular direction, when the surface length is
small. In Figure 2, however, the specular peak is suppressed while the backscattering is
enhanced when we increase the surface length to SOA. For this two-medium problem, due
to limited computer resources, we chose all our surface lengths to be S0A. Figures 3 to 14
show the RCSs for all the 12 cases. We summarize our findings as follows: (1) both the
TE and TM incidences show backscattering enhancement at all three incident angles; (2) it
is also found that while the TE and TM responses are very similar in Case 1, TE incidence
yields stronger backscattering enhancement in Case 2, in contrast to the scattering from
surfaces with small roughnesses where backscattering enhancement is observed only for
the TM waves; (3) of all the numerical simulations, the lossy surfaces absorb more power
for the TM incidences than that of the TE; and (4) the absorption rate decreases with the
incident angles.

Cuse 2 Case 2
200 Reallzations 200 Realizations
I, = 30.2 Wavelengths L. = 50.2 Wavelengths

e =
-~ <
:

o -
-3 o

=3
o
"
o
o
N

o
Q
e
2

2

e
o

A
o
o

o
'S

2
[
-

<
B
e
L

(=}
.

NORMALIZED CROSS SECTION
NORMALIZED CROSS SECTION
=] o
~ LA

o
I
2

0.0 T Y T T y v v Y v v y
G 0 50 .30 .10 10 30 % 50 0 .10 10 3 0
SCATTERING ANGLE (degree) SCATTERING ANGLE (degree)
Figure 1. Nonnalized cross section versus scattering angle. Figure 2. Nonmalized cross section versus scattering angle.
TM incidence at 30 degree. TM incidence at 30 degree.

e
°

T Y Y
70 90 90 .70 70 90



»e

NORMALIZED CROSS SECTION

NORMALIZED CROSS SECTION

NORMALIZED CROSS SECTION

Case |
200 Renlizutions
L. = 50.2 Wavelengths

10

094

049

079

0.6 9

0.5 1

04 9

0.3 9

0.2 1

0.1 9

(1 T ey v - v
-90 0 <%0 <30 .10 10 0 50 70 90
SCATTERING  ANGLE (degree)
Figure 3. Nonnalized cross section versus scattering angle.
TE incidence at 0 degree.

v— ¥

Case 1
200 Realizations
L =50.2 Wavelengths

0.9 1
0.8 1
0.7 1
0.6 1
0.5 9
]
0.3
0.2 1

0.1

0.0 T 2 g T r Y v Y
9 .70 .50 -0 -0 10 30 s 70 90
SCATTERING ANGLE (degree)

Figurc 5. Nommalized cross section versus scattering angle.
TE incidence at 30 degree.

Case 2
200 Realizations
1. =50.2 Wavelengths

0.9 o
084
074
061
0.5 1
044
0.3
0.2

o1 i

0.0 v v v v r—r— v r

90 0 .50 W0 -0 10 4] 0 10 9

SCATTERING ANGLE (degrec)

Figure 7. Nonnslized cross section versus scattering angle.
incidence a1 10 degree.

NORMALIZED CROSS SECTION NORMALIZED CROSS SECTION

NORMALIZED CROSS SECTION

Case
200 Realizations
La 50.2 Wavelengths

0.9 1
0.8 1
0.7 4
06 1
03
04 A
0.3 1
0.2 1

0.1 1

00 v
S0 70

50 0 .10 10 30 S0 0
SCATTERING ANGLE (degree)
Figure 4. Nommalixed cross section versus scattering angle.
TE incidence at 10 degree.

Case 2
200 Realizations
L =50.2 Wavelengths

90

09 1

034

0.7

0.6 9

0.5 1

0.4 1

0.3 1

0.2 1

0.1 1

00

SCATTERING ANGLE (degree)

Figure 6, Noramlized cross section versus scattering angle.
TE incidence at 0 degree.

Case 2
200 Realizations
L =50.2 Wavelengths

9 .70 50 .30 .0 0 30 5 0 9%

09 1

08 1

0.7 1

0.6 1

0.5 1

04 1

0.31

0.1 1

0.0 —r 3 T Y v v ———
9 .0 -0 .30 -0 10 3 30 70
SCATTERING ANGLE (degree)
Iigure 8, Nonmalized cross section versus scatiering angle.
TE incidence st 30 degree.

90

i

S e e Y




NORMALIZED CROSS SECTION

NORMALIZED CROSS SECTION

NORMALIZED CROSS SECTION

Cuse §
200 Renlizations
I, =80,3 Wuvelengths

1.0

0.9 1
0.8 1
0,74
.64
0.5
041
0.3
0.2

0.1 4

00 v Y r v Y v T
RN (VRS S R { D (D I I ¢
SCATTERING ANGLE (degree)

Figure 9, Normalized cross section vemus scattering angle.
I'M incidence nt 0 degree,

T

Cuse 1
200 Reslizations
1, =802 Wavelengths

1o
0.9
0.8 1
0.7 1
0.6
0.5
041
0.3 1
02

0.1 1

04 v Y y

S50 30 L0 10 30 5 70 L4
SCATTERING ANGLE (degree)
Figure 11, Nomalized cross section vemus scattering angle,
I'M incidence nt M0 degree,

O0 0

Cuse 2
200 Reulizations
[, =50,2 Wavelenyths

1.0

0.9 4

09

0.7 1

0.6

0.5 4

04 1

4.3 1

0.2

0.1 1

00 - r v v v v
S0 0 S0 30 0 10 0 50 L)
BCATTERING ANCGLFE (degree)
Figurel 3. Nonnalized cross section versus scatiering sngle,
I'M incldence at 10 degree,

NORMALIZED CROSS SECTION NORMALIZED CROSS SECTION

NORMALIZED CROSS SECTION

Cuse |
200 Reallzations
I, »50,2 Wavelongths

10

0.9 9

PLE

074

1.6 4

0.5 1

04 9

031

0.2 1

[

o0 v \ Y v T
90 0 .50 .30 .10 10 3 50 70 90
SCATTERING ANGLE (degree)
Figure 10, Normalized crons scction vemus scattering angle.
TM incidence st 10 degree.

T Y r

Case 2
200 Reullzations
I, #80.2 Wavelengths

141
09
05 1
0.7 1
6 9
0.5 1
04 1
0.3 1
024

A

00 v v v v v v - -
H 0 S0 300 .0 10 k) 50 0 90
SCATTERING ANGLE (degree)
Vigure 12, Normulized cross section versus scattering angle,
T™ incidence nt 0 degree,

Cause 2
200 Reallzations
I = 50,2 Wavelengths

0.9 1
0X 1
0.7 1
0.6 1
0.5 4
04 1
0.3 19
0.2

0.1 1

00 v v vy v v v v
90 70 50 L300 .40 10 30 50 70 90
SCATTERING ANGLE (degree)
Pigure 14, Nomnalized croxs section versus scattering sngle,
'M Incldence at 30 degree,




